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Background: Nickel is a carcinogenic, heavy metal released through industrial activities and 
via natural resources. It is able to cause DNA damages by reducing the efficiency of DNA 
repair mechanisms. However, the exact time point at which it is able to interfere with these 
mechanisms is not yet clearly understood.

Methods: To find the most nickel-vulnerable time of repair mechanisms, human dermal 
fibroblasts (HDF) were treated with three doses of nickel before and after X-irradiation. 
The induced frequency of chromosomal abnormality was studied using micronucleus 
assay in binucleated cells. The cytotoxicity of different treatments was established using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Results: The results revealed that nickel treatment had a synergistic effect on inducing 
Micronucleus frequency only when cells were treated 2 hours before X-irradiation. The X-ray 
treatment of the cells with 5 and 10 mM nickel had a cytotoxic effect mainly when given 6 
hours after the irradiation.

Conclusion: The results suggest that nickel can interfere with human DNA repair mechanisms 
only at the start of the process, while having no significant effect on the human DNA repair 
mechanisms when activated.
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Introduction

nvironmental pollution with heavy met-
als is one of the major threats to human 
health. Various industrial and agricul-
tural activities increasingly pollute soil, 
underground water, and air. For instance, 

agricultural activities release nickel and lead to the 
environment through irrigation with wastewaters [1]. 
Heavy metals are absorbed through the human respi-

ratory tract, digestive system, and skin. The potential 
of these heavy metals and other pollutants to induce 
cancer and their association with cancer progression 
has been widely studied on tumors in different human 
tissues [2-4]. Specifically, it is known that exposure to 
heavy metals can induce double-stranded DNA breaks. 
Although the exact mechanism is not fully understood 
yet, it is suggested that the genotoxic effect results from 
the heavy metals’ ability to impair DNA repair mecha-
nisms rather than damaging DNA directly [5].
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Nickel is one of the most abundant heavy metals in 
the environment due to its popular application in vari-
ous industries and important roles in the nature [6]. This 
heavy metal is widely used in many metallurgical pro-
cesses, such as producing various alloys, electroplating, 
production of nickel-cadmium batteries, and as a catalyst 
in chemical and food industries [6]. Workers exposed to 
nickel are known to have higher levels of DNA damage 
markers than those unexposed individuals [7]. Although 
this metal cannot directly damage the human genetic 
material, it is classified as a carcinogen [8]. The carcino-
genic effect of nickel is related to its ability to interfere 
with the repair mechanisms, resulting in DNA strands 
damages. In this context, nickel has the least damaging 
effect, compared to other heavy metals, on DNA repair 
proteins, such as p53 [9]. Nickel is able to down-regulate 
the synthesis of proteins involved in DNA repair path-
ways [10]. This metal also reduces the nucleotide exci-
sion and repair activities by disrupting the function and 
structure of p53 protein [11].

Aim of the Study: Despite the significant knowledge 
available on the probable effect of nickel on DNA repair 
mechanisms in cell, it is still not clear when it has the 
most disruptive effect on those processes. To address this 
important research question, we treated a human dermal 
fibroblast cell line at varying time points before and after 
inducing DNA damage by X-ray irradiation and analyzed 
the frequency of chromosomal damages for each of the 
experimental treatment sets versus controls.

Materials and Methods

Cell culture: The human dermal fibroblast (HDF) 
cell line was obtained from the cell culture lab at Fer-
dowsi University of Mashhad. The cells were cultured 
in high glucose Dulbecco’s Modified Eagle Medium 
(Gibco; Abingdon, UK) supplemented with 10% fetal 
bovine serum (FBS; Gibco) at 37℃ and 5% CO2. Cell 
treatments were performed 48 hours after the initiation 
of the culture. Also, duplicate cultures were set up for 
each treatment set. 

Treatments: Nickel-II (Merck, Darmstadt, Ger-
many) at a dose of 2, 5, or 10 mM was added to cell 
cultures at different time points 2 hours before and 2, 
4, or 6 hours after X-irradiation. The cells treated with 
each nickel dose were X-irradiated at 5 or 7 Gray (Gy), 
using a Philips superficial X-ray unit. Finally, the cells 
were harvested 30 hours post-irradiation.

Micronucleus Assay: Cell harvest for micronucleus 
assay was performed according to the procedure pre-
sented by Fenech (2000) with some modifications [12]. 
Cytochalasin-b was added to the cell culture at a final 
concentration of 4 µg/ml 24 hours before harvest. Cells 
were trypsinized and collected in centrifuge tubes and 
fixed on cleaned slides after hypotonic treatment and 
washed twice in methanol-acetic acid (5:1, v/v). Slides 
were stained with 10% Giemsa for 20 min. The slides 
were studied under 1000×magnification. In each slide, 
500 binucleated cells were scored. Binucleates (Bi) har-
boring small, detached nuclei were considered as micro-
binucleate cells (MBC). At least two slides from each 
flask were scored. The frequency of MBC occurrences 
was calculated and recorded.

Cellular metabolic activity: Approximately, 8000 
cells were cultured in 96-well dishes and treated ac-
cording to the protocol explained earlier when they 
reached 70% confluency. The cells were tested by 
MTT assay to measure the cellular metabolic activ-
ity. Each MTT treatment was performed in 4 separate 
wells. The cell viability test was performed for both 
the controls and treated cells at 24, 48, or 72 hours 
after the nickel treatment, and 72 hours after the X-
irradiation procedure.

Tetrazolium salt (Sigma Aldrich, Frankfurt, Germa-
ny), dissolved in PBS, was added to the cell culture 
medium and left for 6 hours at 37℃. The medium in 
each well was then replaced with pure DMSO. The 
absorbance of the cell culture solution in each well 
was read on a spectrophotometer at 545 nm, using 
an ELISA reader (Awareness Inc.; Palm City, USA). 
Next, the absorbance for the solution in each well was 
compared to those of the controls at 24 hours after the 
culture initiation, and the data were plotted.

Statistical analyses: The statistical analyses were 
performed, using MINI-TAB software, v. 14. The nu-
merical differences between the treated groups and 
controls, and among the treated groups themselves 
were also analyzed by one-way analysis of variance 
(ANOVA).

Results

Nickel Treatment: Cells were treated with nickel at a 
dose of 2, 5, or 10 mM for 24 hours. As shown in Figure 
1, the nickel doses at 2 and 5 mM did not significantly 
increase the frequency of MBCs. However, cells treated 
with a nickel dose at 10 mM showed a significant in-
crease in their MBC frequency (P<0.05; Figure 1).

Ghorbani et al. Nickel Increases the Chromosomal Abnormalities. Iran J Toxicol. 2022; 16(4):229-236

October 2022, Volume 16, Number 4

http://ijt.arakmu.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en


231

X-Irradiation: As shown in Figure 2, the X-irradia-
tions at 5 and 7 Gy led to a significant increase in MBC 
frequency compared to the controls (P<0.05). However, 
the 3 Gy irradiation did not lead to a significant rise in 
the MBC frequency compared to those of the controls.

Irradiation of Nickel-Treated Cells: Cells were 
treated with different doses of Nickel 2 hours before 
or 2, 4, or 6 hours after 3 and 5 Gy x-irradiation. The 
analyzed data revealed that treating the cells 2 hours be-
fore irradiation led to a significant increase in the MBC 
frequency compared to those observed for the untreated 
but irradiated cells (Figure 3A). A significant increase in 
MBC frequency occurred after treatment with nickel at 
10 mM (P<0.01). In addition, there was no significant 
increase in MBC frequency at all other nickel treatment 
doses compared to the corresponding untreated but X-
irradiated cells (Figures 3B, 3C & 3D).

Cellular Viability Test after Nickel Treatment: The 
viability of cells treated with nickel at three doses of 2, 
5, or 10 mM was investigated based on the MTT test. 
The results showed that Nickel, at the doses used, did not 
have a harmful effect on the cells’ viability (Figure 4).

Cellular Viability Test after X-irradiation: The ir-
radiation of the cells with two doses of 1 or 3 Gy did 
not affect the cells’ ability to survive. However, X-ir-
radiation of the cells at the two high doses used in this 
study, reduced the cell viability after 72 hours (P<0.05; 
Figure 5).

Cellular Viability Test after Co-treatment with 
Nickel and X-irradiation: The cell viability analysis 
at different time points, before and after X-irradiation, 
revealed that the two low doses of nickel protected the 
cells from the toxic effect of 5 Gy X-irradiation for 4h 
post-irradiation (Figures 6A,B&C). However, treat-

Figure 1. Frequency of MBC in cells treated with different doses of Nickel for 24 hours

* Significant statistical differences compared to the controls (P<0.05).

Figure 2. Frequency of MBC after X-irradiation at 3, 5, or 7 Gy

*: Significant statistical differences compared to the controls (P<0.05).
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ment of the cells with nickel 6 hours post-irradiation did 
not have a protective effect at 5 or 7 Gy X-irradiation. 
The cell viability declined significantly in all treatment 
groups (P<0.05) compared to the controls except for 
those in the 5 Gy irradiation and 2 mM nickel groups 
(Figure 6D).

Discussion

Nickel, a heavy metal widely present in the environ-
ment, is suspected of having carcinogenic potentials. 
The ability of this metal to induce cancer is mostly re-
lated to its interference with DNA repair mechanisms, 
rather than causing direct damages to chromosomes 
through oxidative stress [13, 14]. In this context, the 

results of a study on treating cells from Chinese ham-
ster with low doses of nickel provided no evidence of 
chromosomal mutations or abnormalities [15].

The present study demonstrated experimental evi-
dence that nickel can induce chromosomal damages 
on human dermal fibroblasts at high doses (≥10 mM). 
However, co-treatment of the cells with nickel and X-
ray irradiation led to a statistically significant increase 
in the frequency of MBCs, reflecting a rise in the 
chromosomal damages. Two hours of pre-irradiation 
caused a higher frequency of MBCs, but at all other 
nickel treatment time points post X-ray irradiation 
there was no increase in the MBCs more than those 
induced by the irradiation alone. It is likely that X-ray 

Figure 3. Nickel treatment 

A) 2 hours before X-irradiation; B) 2 hours post-X-irradiation; C) 4 hours post-X-irradiation; D) 6 hours post-X-irradiation. 

** Significant statistical differences with untreated but irradiated cells (P<0.01).
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irradiation of the cells in the absence of nickel leads to 
the activation of the DNA repair mechanisms. Howev-
er, when nickel is present during X-irradiation, all X-
ray induced-lesions in the DNA lead to chromosomal 
damages, which are translated into a higher frequency 
of MBCs compared to when no nickel is present. The 
results suggest that nickel interferes with DNA repair 
mechanisms at the start of such processes of genes 
transcription. In addition, after inducing repair mecha-
nisms, nickel was not able to make any changes in the 
DNA repair capability of the treated cells.

Ionizing radiations, including X-rays, induce chromo-
somal damages by breaking DNA strands [16, 17]. The 
DNA double-strand break (DSB) repair capability in 
the cells is the main mechanism known to fix the NDA 

breaks. The response to the DSB repair is regulated by 
53BP1 protein, which is assembled at the break points 
[17]. This protein is in close contact with p53 when 
DNA damage occurs [18].

Previous studies have shown that nickel is likely to 
down-regulate or interfere with the action of genes 
involved in repairing nucleotides break, base-pair ex-
cision, DNA mismatch, homologous-recombination, 
and non-homologous end-joining pathways, and the 
disruption in the structure and function of p53 protein 
[11, 13]. Also, nickel is likely to reduce cellular anti-
oxidant defense mechanisms [19].

Figure 4. Cell viability after treatment with three doses of Nickel

Figure 5. Cell viability, 72 hours post X-irradiation compared to control at 24 hours post X-irradiation

 *: Significant statistical differences compared to the controls (P<0.05).
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Based on the current study results, the main reason for 
X-ray-induced chromosomal damages in the presence 
of nickel might be its ability to reduce or block gene 
transcriptions involved in repair mechanisms rather 
than interfering in the activity levels of transcriptions. 
Co-treatment of the cells with nickel and X-irradiation 
is known to have toxic effects, especially at the high-
est dose as used in this study. Nickel treatment also 
induces oxidative stress by promoting the generation 
of reactive oxygen species (ROS). At the same time, it 

can decrease the antioxidant activity of superoxide dis-
mutase and catalase enzymes [20]. A large amount of 
ROS generated by ionizing radiation, leads to harmful 
damages to biomolecules and cell death, and impairs 
the antioxidant defense mechanisms of the cells.

Conclusions

Nickel can induce chromosomal damages by increas-
ing the level of reactive oxygen species. The results of 

 

Figure 6. Cell viability after X-irradiated at 5 and 7 Gy and different doses of Nickel compared to control at 24 hours post X-irradiation

A) 2 hours pre-irradiation, B) 2 hours post-irradiation, C) 4 hours post-irradiation, and D) 6 hours post-irradiation. *: Significant 
statistical differences compared to the controls (P<0.05) with the following P: *P<0.05, **P<0.01, ***P<0.001.
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this study show that nickel is also able to interfere with 
cellular DNA damage repair mechanism and provides 
the condition for other damaging factors, such as X-ir-
radiation, to induce high levels of DNA lesions. Nickel 
is able to do so when only added prior to the activation 
of DNA repair systems. Lastly, nickel prevents the cel-
lular antioxidant protective mechanisms which leads 
to the elevation of toxic effect of ionizing irradiation.
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